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ABSTRACT 

W a t e r  t u n n e l  t e s t s  have b e e n  c o n d u c t e d  t o  s t u d y  t h e  

f l o w  a s s o c i a t e d  w i t h  f i n  b u f f e t  f o r  t w i n - f i n  f i g h t e r  a i r -  

c r a f t  u s i n g  1 /48th  sca le  F/A-18 models. Flow v i s u a l i z a t i o n  

made use o f  c o l o r e d  d y e s  t o  d e t e r m i n e  v o r t e x  p a t t e r n s ,  a n d  

s u r f a c e  h o t  f i l m  anemometry was used  t o  s t u d y  t h e  t u r b u l e n t  

e n e r g y  a n d  t h e  f r e q u e n c i e s  p r e s e n t  i n  t h e  f l o w .  C o n f i g u r -  

a t i o n s  t es ted  inc luded  t h e  f u l l  a i r p l a n e ,  a i r p l a n e  w i t h o u t  

f i n s ,  a i r p l a n e  w i t h o u t  lead ing-edge-extens ions ,  (LEX's)  and 

a i r p l a n e  w i t h o u t  w ings .  Tes t  R e y n o l d s  number r a n g e d  f r o m  

4,300 t o  12,800,  w i t h  co r re spond ing  Mach numbers l ess  t h a n  

10-6. 

The f low s t u d i e s  show t h a t  t h e  LEX v o r t i c e s  b u r s t  j u s t  

f o r w a r d  of t h e  f i n s  a t  about  2 S 0  a n g l e  of a t t a c k .  Removing 

t h e  f i n s  had  n e g l i g i b l e  e f f e c t  on v o r t e x  l o c a t i o n s  a n d  

b u r s t i n g ,  b u t  removing t h e  w i n g  had a marked e f f e c t  on b o t h  

l o c a t i o n  and b u r s t  a n g l e  of a t tack  f o r  t h e  v o r t i c e s .  S t u d -  

i e s  of body v o r t i c e s  w i t h  t h e  L E X ' s  removed d e m o n s t r a t e d  

t h a t  t h e  body v o r t i c e s  were  n o t  a d o m i n a n t  f e a t u r e  of  t h e  

f low a s s o c i a t e d  w i t h  f i n  bu f fe t .  

Hot f i l m  anemometer s i g n a l s  show t h a t  f i n  s u r f a c e  t u r -  

b u l e n c e  i n c r e a s e s  w i t h  a n g l e  o f  a t t a c k ,  and  t h a t  d o m i n a n t  

f r e q u e n c i e s  a p p e a r  i n  t h e  f l o w  when  b u r s t i n g  o c c u r s .  T h e  
I 

, 
dominant  f r e q u e n c i e s  cor respond t o  a S t r o u h a l  number of 0.7 

e f o r  a l l  s p e e d s  t e s t e d ,  and f o r  a l l  a n g l e s  of a t t a c k  f o r  

w h i c h  v o r t e x  b u r s t i n g  was p r e s e n t .  Flow p a t t e r n s ,  v o r t e x  

b u r s t i n g  a n g l e s  of a t t a c k ,  a n d  S t r o u h a l  n u m b e r s  of t h e  
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u n s t e a d y  f l o w  c o r r e l a t e  w e l l  w i t h  wind. t u n n e l  t e s t s  f r o m  

o t h e r  i n v e s t i g a t i o n s  a t  h i g h e r  Reynolds number, c o n f i r m i n g  

t h e  v a l i d i t y  of water t u n n e l  t e s t i n g .  

SYMBOLS 

C wing  mean a e r o d y n a m i c  c h o r d ,  (0.24 f t ,  1 / 4 8 t h  
model scale)  

f f requency ,  Hz 

M Mach number, V/(speed of s o u n d ) ,  non-dimensional 

Psd power s ec t r a l  d e n s i t y  of h o t  f i l m  s i g n a l ,  
( V o l t s )  fl /Hz 

R e  Reynolds number, cV/v , non-dimensional 

S S t r o u h a l  number, fc/V, non-dimensional 

v t u n n e l  v e l o c i t y ,  f t /sec 

Q a n g l e  of a t t a c k ,  degrees 

V k inemat i c  v i s c o s i t y ,  f t 2 / s e c  

INTRODUCTION 

Twin-f in  a r r angemen t s  have r e c e n t l y  emerged as a con- 

f i g r a t i o n  f avored  by a i r c r a f t  d e s i g n e r s .  T h i s  c o n f i g u r a t i o n  

is e s p e c i a l l y  a t t r a c t i v e  f o r  carrier-based a i r c r a f t ,  s i n c e  

i t  o f f e r s  r e d u c e d  f i n  h e i g h t ,  m a k i n g  h a n g e r  access  a n d  

main tenance  easier .  T h e  F/A-18 a i r c r a f t  uses t h i s  a r r a n g e -  

m e n t ,  b u t  u n f o r t u n a t e l y  t h e  a i r c r a f t  h a s  d e v e l o p e d  f i n  

f a t i g u e  problems r e q u i r i n g  s t r u c t u r a l  m o d i f i c a t i o n .  F l i g h t  

and w i n d  t u n n e l  tests r evea led  t h a t  t h e  u n - a n t i c i p a t e d  f i n  

l o a d s  o c c u r  a t  s u b s o n i c  h i g h  a n g l e  o f  a t t a c k  c o n d i t i o n s .  

T h e s e  l o a d s  a r e  a p p a r e n t l y  r e l a t e d  t o  t h e  i n t e r a c t i o n  o f  

sn 



v o r t i c e s  e m a n a t i n g  f r o m  t h e  w i n g  l e a d i n g  e d g e  e x t e n s i o n s  

( L E X ' S )  w i t h  t h e  f i n s .  

T h i s  r e p o r t  documents t e s t s  u s i n g  small  scale  models  i n  

a water  t u n n e l  t o  v i s u a l i z e  t h e  f l o w  phenomena  a s s o c i a t e d  

w i t h  h i g h  a n g l e  of  a t t a c k  c o n d i t i o n s  f o r  t h e  t w i n - f i n  

f i g h t e r  t y p e  a i r c r a f t .  The p r imary  pu rpose  of t h i s  r e s e a r c h  

was t o  i d e n t i f y  t h e  flow a s s o c i a t e d  w i t h  f i n  b u f f e t  f o r  t h i s  

a i r c r a f t  and  t o  g e n e r a l i z e  so f a r  a s  p o s s i b l e  f r o m  t h e s e  

r e s u l t s ,  i n  o r d e r  t o  a v o i d  s u c h  b u f f e t  p r o b l e m s  f o r  f u t u r e  

des igns .  A second purpose was t o  eva lua te  t h e  water t u n n e l  

as  a r e s e a r c h  t o o l  as compared t o  t h e  more t r a d i t i o n a l  wind 

t u n n e l  and f l i g h t  t e s t  envi ronments  f o r  e x p e r i m e n t a l  tests. 

EXPERIMENTAL FACILITY 

T h e  f a c i l i t y  f o r  t h e  e x p e r i m e n t s  r e p o r t e d  here was t h e  

NASA Ames-Dryden water t u n n e l  f l o w  v i s u a l i z a t i o n  f a c i l i t y  

l o c a t e d  a t  Edwards A i r  Force Base, C a l i f o r n i a .  T h i s  t u n n e l  

i s  a c l o s e d  r e t u r n  v e r t i c a l  f l o w  w a t e r  t u n n e l ,  w i t h  1 6 "  x 

2 4 "  t e s t  s e c t i o n .  E a r l i e r  t e s t s  of t h e  F/A-18 i n  a s i m i l a r  

w a t e r  t u n n e l  were r e p o r t e d  i n  r e f e r e n c e  1. The t u n n e l  was 

d e s i g n e d  p r i m a r i l y  f o r  u s e  as a v i s u a l i z a t i o n  f a c i l i t y ,  b u t  

i n  t h e  p r e s e n t  t e s t s  s p e c i a l  s u r f a c e  h o t - f i l m  a n e m o m e t r y  

i n s t r u m e n t a t i o n  was u t i l i z e d  t o  m a k e  q u a n t i t a t i v e  measure- 

m e n t s  of t h e  unsteady,  b u f f e t i n g  f low.  

LIMITATIONS OF SMALL-SCALE AERODYNAMIC TESTING 

Class ica l  des ign  of f l u i d  dynamic e x p e r i m e n t s  requires  

"dynamic s i m i l a r i t y "  of t h e  model and f u l l - s c a l e  a i r p l a n e .  



I Dynamic s i m i l a r i t y  is achieved  when Reynolds  number and Mach 

number of t h e  model and f u l l - s c a l e  a i r p l a n e  a r e  t h e  same ,  
I 

and when t h e  model and f u l l - s c a l e  a r e  g e o m e t r i c a l l y  s i m i l a r .  

I n  p r a c t i c e ,  geomet r i c  s i m i l a r i t y  is n e a r l y  a lways  ach ieved  

by u s i n g  p r o p e r l y  p r o p o r t i o n e d  mode l s .  E x p e r i m e n t s  and  

t h e o r y  have  shown t h a t  m a t c h i n g  Mach number is n e c e s s a r y  

o n l y  when c o m p r e s s i b i l i t y  effects  become impor t an t .  T h i s  is 

t y p i c a l l y  a t  Mach number above  0.6, d e p e n d i n g  on t h i c k n e s s  

r a t i o .  For h ighe r  Mach numbers, t h e  p r e s s u r e  d i s t r i b u t i o n s  

a r e  d i r e c t l y  a f f e c t e d  by c o m p r e s s i b i l i t y ,  and Mach matching  

is e s s e n t i a l .  

For measurement of s k i n  f r i c t i o n ,  and p r e c i s e  ma tch ing  

of  s e p a r a t i o n  and s t a l l i n g  o f  a i r f o i l s ,  m a t c h i n g  R e y n o l d s  

number i s  r e q u i r e d .  W h i l e  R e y n o l d s  number m a t c h i n g  i s  

r e q u i r e d  i n  p r i n c i p l e ,  i n  p r a c t i c e  s m a l l - s c a l e  t e s t i n g  i s  

f r e q u e n t l y  u s e d ,  e v e n  though  i t  a l m o s t  a l w a y s  r e s u l t s  i n  

R e y n o l d s  number be low f u l l - s c a l e  v a l u e s .  F u l l - s c a l e ,  

p r e s s u r i z e d  and c r y o g e n i c  w i n d  t u n n e l s  a r e  f a c i l i t i e s  i n  

w h i c h  f u l l - s c a l e  R e y n o l d s  number  i s  o r d i n a r i l y  a c h i e v e d .  

T e s t i n g  i n  t h e s e  f a c i l i t i e s  i s  v e r y  e x p e n s i v e  b e c a u s e  o f  

model and o p e r a t i o n a l  cos t s .  F o r t u n a t e l y ,  it is t h e  n a t u r e  

of v i s c o u s  f low t h a t  aerodynamic c h a r a c t e r i s t i c s  a r e  r e l a -  

t i v e l y  i n s e n s i t i v e  t o  R e y n o l d s  number .  O f t e n  R e y n o l d s  

number d i f f e r e n c e s  of f a c t o r s  of 3 o r  even 1 0  have r e l a t i v e -  

l y  s m a l l  e f f e c t  on a l l  a e r o d y n a m i c  c o e f f i c i e n t s  e x c e p t  

p a r a s i t e  d r a g  and maximum l i f t  c o e f f i c i e n t s .  For  t h e  

p a r t i c u l a r  ca se  of f i g h t e r - t y p e  a i r c r a f t ,  w h i c h  a r e  c h a r a c t -  

e r i z e d  by t h i n ,  h i g h l y  s w e p t  s u r f a c e s ,  o p e r a t i o n  a t  low 



s p e e d  i n v a r i a b l y  i m p l i e s  h i g h  a n g l e s  of a t t a c k ,  and  h i g h  

a n g l e  of a t t a c k  l e a d s  t o  s e p a r a t i o n  a l o n g  t h e  l e a d i n g  edges. 

Fo r  s u c h  cases ,  t h e  s e p a r a t i o n  l o c a t i o n s  a r e  f i x e d  by 

g e o m e t r y ,  and  a e r o d y n a m i c  f o r c e  c o e f f i c i e n t s  a n d  p r e s s u r e  

c o e f f i c i e n t s  a r e  e s s e n t i a l l y  independent  of Reynolds number. 

T h i s  i s  b o r n e  o u t  by t h e  r e s e a r c h  of r e f e r e n c e  2. I t  i s  

t h i s  p e c u l i a r  c o m b i n a t i o n  of s h a r p .  l e a d i n g  e d g e s  and  h i g h  

a n g l e s  of a t t a c k ,  t h a t  l e n d s  v a l i d i t y  t o  s m a l l - s c a l e  smoke 

t u n n e l  and  w a t e r  t u n n e l  t e s t s  of a i r c r a f t  d e s i g n e d  f o r  

s u p e r s o n i c  f l i g h t .  T e s t  p l a n n i n g  a n d  i n t e r p r e t a t i o n  o f  

r e s u l t s  m u s t  r e c o g n i z e  t h e  l i m i t a t i o n s  and t h e  r eg imes  f o r  

w h i c h  t e s t i n g  a t  R e y n o l d s  n u m b e r  s u b s t a n t i a l l y  l o w e r  t h a n  

f u l l  s c a l e  may y i e l d  u s e f u l  i n f o r m a t i o n .  

L 

MODELS 

Models were v a r i a t i o n s  of t h e  F/A-18 a i r c r a f t ,  f a b r i -  

c a t e d  f r o m  1 /48  s c a l e  hobby s h o p  k i t s .  T h e  hobby k i t s  a r e  

d i m e n s i o n a l l y  s u f f i c i e n t l y  a c c u r a t e  f o r  t e s t s  of t h i s  t y p e ,  

SO t h e  o n l y  m o d i f i c a t i o n s  r e q u i r e d  were t h e  a d d i t i o n  s m a l l -  

b o r e  t u b i n g  t o  accommodate t h e  dye used  f o r  s t r e a m  t r ac ing ,  

and a mounting s t r u t .  Dye t u b e s  were connected  t o  m a n i f o l d s  

w i t h i n  t h e  models, w h i c h  were f e d  from a s e p a r a t e  e x t e r n a l  

dye r e s e r v o i r  f o r  each  of t h e  c o l o r s  desired.  I n  a d d i t i o n ,  

t h e  models were equipped f o r  e n g i n e  i n l e t  s i m u l a t i o n  by u s e  

of hol low nacel le  passages  and f l e x i b l e  p l a s t i c  w a t e r  s i p h o n  

t u b e s  a t t a c h e d  t o  t h e  e n g i n e  e x h a u s t  n o z z l e s .  By d r a w i n g  

w a t e r  i n t o  t h e  i n l e t s  through t h e  s iphon  t u b e s  a t  an appro-  

p r i a t e  r a t e ,  it is p o s s i b l e  t o  c o n t r o l  t h e  e n g i n e  mass f low 



I 

c a p t u r e  a r e a  r a t i o .  T h i s  p e r m i t s  p r o p e r  s i m u l a t i o n  of  

s t r e a m l i n e  p a t t e r n s  a r o u n d  t h e  a i r c r a f t .  T h i s  i s  p a r t i c -  

u l a r l y  impor t an t  f o r  t h o s e  r eg ions  of f l o w  nea r  t h e  eng ine  

i n l e t s ,  s u c h  a s  t h e  wing l e a d i n g  edges. 

S i n c e  one p u r p o s e  of  these  t es t s  was t o  e v a l u a t e  t h e  

e f f e c t s  of t h e  v a r i o u s  a i r c r a f t  c o m p o n e n t s  on f i n  b u f f e t ,  

m o d e l s  w e r e  d e s i g n e d  w i t h  s e v e r a l  ' g e o m e t r i c  v a r i a b l e s .  I t  

was l e s s  expens ive  t o  c o n s t r u c t  a f a m i l y  of f o u r  models  w i t h  

t h e  v a r i o u s  c o n f i g u r a t i o n s  than t o  c o n s t r u c t  removable  hard-  

ware  f o r  a s i n g l e  model. Wings l e a d i n g  f l a p s  were  d e f l e c t e d  

34 d e g r e e s  down, and  t r a i l i n g  e d g e  f l a p s  w e r e  u n d e f l e c t e d  

f o r  a l l  t e s t s .  T h e s e  s e t t i n g s  are  c o n s i s t e n t  w i t h  f l i g h t  a t  

a n g l e s  of a t t a c k  25 d e g r e e s  and g r e a t e r .  T h e  g e o m e t r i c  

v a r i a b l e s  tes ted a r e  d e s c r i b e d  below. 

F/A-18 B A S I C  MODEL - C o m p l e t e  a i r p l a n e  w i t h  l e a d i n g  

e d g e  f l a p s  d e f l e c t e d  3 4  d e g r e e s ,  t r a i l i n g  e d g e  f l a p s  

n e u t r a l ,  a l l  t a i l  s u r f a c e s  n e u t r a l .  

F/A-18 WITHOUT W I N G S  - Same a s  b a s i c  mode l ,  e x c e p t  

w i n g s  removed o u t b o a r d  of l e a d i n g  e d g e  e x t e n s i o n s  ( L E X ' S ) .  

T h i s  model was used t o  e v a l u a t e  t h e  i n t e r f e r e n c e  e f f e c t s  of 

t h e  wing and f low f i e l d s .  

F/A-18 WITHOUT FINS - T h i s  model was used  t o  e v a l u a t e  

t h e  p o s s i b i l i t y  t h a t  t h e  f i n  " b l o c k a g e "  m i g h t  g e n e r a t e  an 

a d v e r s e  p r e s s u r e  f i e l d  of s u f f i c i e n t  s t r e n g t h  t o  cause  pre-  

ma tu re  b u r s t i n g  of t h e  l e a d i n g  edge v o r t i c e s .  
c 

F/A-18 WITHOUT LEX'S - The purpose of t h i s  model was t o  

i d e n t i f y  t h e  r o l e  and i n t e r a c t i o n  o f  f o r e b o d y  and  LEX v o r -  

54 



t i c e s ,  and t o  a s c e r t a i n  p o s s i b l e  w i n g  or f o r e b o d y  v o r t e x  

i n t e r a c t i o n s  on t h e  f i n .  
I 

TEST C O N D I T I O N S  

” 
For a l l  t e s t s ,  i n l e t  f l o w  was e s t a b l i s h e d  t o  p r o v i d e  

f o r  an  i n l e t  capture area r a t i o  of un i ty .  Speed c o n t r o l  i n  

t h e  w a t e r  t u n n e l  i s  by means of a v a l v e  w i t h  a s e r i e s  o f  

f i x e d  s e t t i n g s ,  p r e v e n t i n g  i n f i n i t e l y  v a r i a b l e  speed con-  

t r o l .  T a b l e  1 g i v e s  t h e  s p e e d s  u s e d  f o r  t h e s e  t es t s ,  a n d  

c o r r e s p o n d i n g  chord  Reynolds numbers and Mach numbers. 

Table 1 - Test C o n d i t i o n s  

Speed ( f t /sec)  Revnolds Number Mach Number 

0.25 4,300 0 .5  x 

0.58 9 , 9 0 0  1 .3  x 10’6 

0.75 12,800 1 . 6  x 

A n g l e  of  a t t a c k  was v a r i e d  f r o m  0 t o  40 d e g r e e s ,  i n  

i n c r e m e n t s  of 5 d e g r e e s .  A t  40 d e g r e e s ,  t h e  mode l  was 

n e a r l y  i n  c o n t a c t  w i t h  t h e  u p p e r  w a l l ,  s o  h i g h e r  a n g l e s  

c o u l d  n o t  have  b e e n  t e s t e d  w i t h o u t  t h e  use of a n  o f f s e t  

s t i n g  mount. V i d e o  a n d  s t i l l  p i c t u r e s  were o b t a i n e d  f r o m  

t o p  and s i d e  v i ews  i n  s e p a r a t e  runs. 
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INSTRUMENTAT I ON 

I 

I 

I n s t r u m e n t a t i o n  c o n s i s t e d  of v i d e o  cassette r e c o r d i n g  

e q u i p m e n t  and c o n v e n t i o n a l  c a m e r a  f o r  s t i l l  p h o t o s .  I n  

a d d i t i o n ,  t h e  f i n  of t h e  b a s i c  model  was f i t t e d  w i t h  a 

s t r a i n - g a g e  a t  t h e  f i n  r o o t ,  and  t w o  d i f f e r e n t  t y p e s  o f  

s u r f a c e  h o t  f i l m  anemometers (Disa and Micro-Measurements).  

These  i n s t r u m e n t s  were in tended  t o  de tec t  f l o w  u n s t e a d i n e s s  

o v e r  t h e  f i n ,  f o r  c o r r e l a t i o n  w i t h  dynamic s t r a i n  gage d a t a  

from f l i g h t  tests. 

The  Disa  ho t - f i lm  anemometer and t h e  s t r a i n  gage pro-  

v i d e d  v e r y  low- leve l  s i g n a l s ,  and these c o u l d  n o t  be d i s t i n -  

g u i s h e d  f r o m  random background  n o i s e .  Only  t h e  Micro- 

Measurements h o t  f i l m  gage p rov ided  a s i g n a l  w h i c h  d i s p l a y e d  

c h a r a c t e r i s t i c s  w h i c h  changed  i n  a c o n s i s t e n t  manner  w i t h  

a n g l e  o f  a t t a c k .  T h e r e f o r e ,  o n l y  t h e  d a t a  f r o m  t h e  M i c r o -  

Measurements hot-f i l m  gage was u t i l i z e d  f o r  dynamic measure- 

m e n t s .  T h i s  g a g e  was  l o c a t e d  a t  63% s p a n  a n d  5 0 %  c h o r d  on 

t h e  i nboa rd  s u r f a c e  of t h e  s t a r b o a r d  f i n .  The  o u t p u t  s i g n a l  

f r o m  this s e n s o r  was m o n i t o r e d  on a n  o s c i l l o s c o p e ,  a n d  

selected s i g n a l s  were a l s o  p r o c e s s e d  u s i n g  a modal a n a l y z e r .  

The o s c i l l o s c o p e  provided  r e a l  t ime c h a r a c t e r i s t i c s  of t h e  

s i g n a l ,  and t h e  modal a n a l y z e r  p r o v i d e d  f r equency  a n a l y s i s  

o f  t h e  d a t a  i n  t h e  f o r m  of p o w e r  s p e c t r a l  d e n s i t y  (Psd) 

g r a p h s  of t h e  gage vo l t age .  I t  s h o u l d  be no ted  t h a t  t h e  h o t  

f i l m  gage u t i l i z e d  i n  t h i s  manner p r o v i d e s  a measure of t h e  

h e a t  t r a n s f e r  a t  t h e  sur face .  T h i s  s i g n a l  p r o v i d e s  a q u a l i -  

t a t i v e  b u t  n o t  q u a n t i t a t i v e  m e a s u r e  of  s u r f a c e  s k i n  

f r i c t i o n .  T h e  m e r i t  i n  t h i s  i n s t r u m e n t  i s  t h e  a b i l i t y  t o  

c 



I 

1 

e x t r a c t  i n f o r m a t i o n  a b o u t  t h e  f r e q u e n c i e s  p r e s e n t  i n  t h e  

uns t eady  flow. Futhermore,  these s i g n a l s  can be p r o c e s s e d  

t o  o b t a i n  q u a l i t a t i v e  d i f f e r e n c e s  i n  t u r b u l e n t  e n e r g y  l e v e l s  

f o r  t h e  v a r i o u s  a n g l e s  of a t t a c k  and t u n n e l  speeds.  

RESULTS OF FLOW V I S U A L I Z A T I O N  

B A S I C  F/A-18 - The flow v i d e o  and s t i l l  p i c t u r e s  show a 

c o n s i s t e n t  and r e p e a t a b l e  p a t t e r n  f o r  t h e  v o r t e x  f l o w  o f  

t h i s  a i r c r a f t  c o n f i g u r a t i o n .  V o r t e x  " b u r s t i n g "  o r  " b r e a k -  

down" is c h a r a c t e r i z e d  by an abrupt i n c r e a s e  i n  v o r t e x  c o r e  

d i a m e t e r ,  o f t e n  preceded  by a s p i r a l l i n g  of t h e  c o r e  b e f o r e  

c o m p l e t e  t u r b u l e n c e  ensues .  A l l  v o r t e x  b u r s t  p a t t e r n s  

e x h i b i t  some u n s t e a d i n e s s ,  w i t h  b u r s t  l o c a t i o n s  o s c i l l a t i n g  

somewhat w i t h  time. For t h i s  r ea son ,  t h e  v i d e o  images were 

u s e d  a s  t h e  p r i m a r y  s o u r c e  t o  d e t e r m i n e  " a v e r a g e "  b u r s t  

l o c a t i o n s .  Geometry and v o r t e x  b u r s t  l o c a t i o n s  a r e  shown i n  

f i g u r e  1. As a n g l e  of a t t a c k  is  i n c r e a s e d  from 0°, v o r t i c e s  

f o r m  a l o n g  t h e  LEX'S. These v o r t i c e s  i n c r e a s e  i n  s t r e n g t h  

w i t h  a n g l e  of a t t a c k , '  and f l o w  a f t  above t h e  h o r i z o n t a l  t a i l  

s u r f a c e s  b u t  benea th  t h e  f i n s  f o r  a n g l e s  below 20°.  A t  20°, 

v o r t e x  b u r s t i n g  occurs  a f t  o f  t h e  w i n g  t r a i l i n g  e d g e  and  

o u t b o a r d  and  b e n e a t h  t h e  f i n .  A t  2 5 0  a n g l e  o f  a t t a c k ,  t h e  

LEX v o r t e x  b u r s t  p o i n t  is l o c a t e d  more f o r w a r d  and inboa rd ,  

w i t h  the  a x i s  of  r o t a t i o n  n e a r l y  i n  l i n e  w i t h  t h e  f i n  

l e a d i n g  edge. The  b u r s t  p o i n t  is s l i g h t l y  fo rward  from t h e  

f i n  l e a d i n g - e d g e  a t  t h i s  a n g l e  of  a t t a c k .  I t  i s  d i f f i c u l t  

t o  conce ive  of a v o r t e x  b u r s t  l o c a t i o n  w h i c h  c o u l d  be poten-  

t i a l l y  more d e t r i m e n t a l  i n  t e rms  of  i n t r o d u c i n g  f a t i g u e -  

L 
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p r o d u c i n g  l o a d s .  A s  a n g l e  of a t t a c k  i s  i n c r e a s e d  f u r t h e r ,  

t h e  b u r s t  p o i n t  moves p r o g r e s s i v e l y  f u r t h e r  forward.  

FjA-18 WITHOUT' F I N S  - The a b s e n c e  o f  t h e  f i n s  h a d  

n e g l i g i b l e  e f f e c t  on t h e  f l o w  f i e l d .  V o r t e x  l o c a t i o n s  a n d  

b u r s t  p o s i t i o n s  were i n d i s t i n g u i s h a b l e  f rom t h e  b a s i c  model. 

T h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  p r e s s u r e  g r a d i e n t s  associ-  

- a ted  w i t h  t h e  f i n s  a r e  n o t  s t r o n g  enough t o  i n s t i g a t e  v o r t e x  

b u r s t i n g .  T h i s  i s  n o t  s u r p r i s i n g ,  c o n s i d e r i n g  t h e  sma l l  

th ickness- to-chord  r a t i o  of t h e  f i n s .  

F/A-18 WITHOUT W I N G S  - I n  t h i s  c o n f i g u r a t i o n ,  i n i t i a l  

f o r m a t i o n  of t h e  LEX v o r t i c e s  was i n  much t h e  same manner a s  

f o r  t h e  f u l l  model. A s  a n g l e  of  a t t a c k  was i n c r e a s e d ,  

however, t h e  v o r t i c e s  were l o c a t e d  more inboa rd  t h a n  on t h e  

bas ic  model, and t h e y  remained i n t a c t ,  w i t h o u t  b u r s t i n g ,  up 

t o  30° a n g l e  of  a t t a c k .  T h i s  t e s t  s e r i e s  s h o w s  i m p o r t a n t  

c h a n g e s  i n  v o r t e x  l o c a t i o n s  a n d  a s u b s t a n t i a l  d e l a y  i n  

v o r t e x  b u r s t i n g  when t h e  w i n g  is removed. When t h e  w i n g  i s  

p r e s e n t ,  t h e  a d v e r s e  p r e s s u r e  g r a d i e n t  f i e l d  o v e r  t h e  a f t  

p o r t i o n  of t h e  w i n g  is  e v i d e n t l y  a d o m i n a n t  f a c t o r  i n  p r o -  

d u c i n g  v o r t e x  bu r s t ing .  

F/A-18 WITHOUT L E X ' S  - A t  h i g h  a n g l e s  o f  a t t a c k ,  t h e  

f u s e l a g e  f o r e b o d y ,  l i k e  t h e  L E X ' S ,  p r o d u c e s  a p a i r  of v o r -  

t i ce s .  T h i s  t e s t  s e r i e s  shows  t h a t  t h e  f u s e l a g e  v o r t i c e s  

i n i t i a l l y  f o r m  i n b o a r d  of t h e  f i n s ,  and  t h a t  t h e y  r e m a i n  

i n b o a r d  of  t h e  f i n s  o v e r  t h e  e n t i r e  a n g l e  o f  a t t a c k  r a n g e  

f o r  w h i c h  t h e y  a r e  v i s i b l e .  A t  150 t h e s e  v o r t i c e s  t r a i l  

between t h e  f i n s  w i t h o u t  bu r s t ing .  A t  200, b u r s t i n g  o c c u r s  



s l i g h t l y  a f t  of t h e  wing t r a i l i n g  edge,  and a t  25O t h e  b u r s t  

l o c a t i o n  i s  n e a r  w i n g  mid-chord .  B u r s t  l o c a t i o n  remains 

e s s e n t i a l l y  unchanged a s  a lpha  i s  i n c r e a s e d  from 2 5 0  t o  400. 

Even a t  4 0 0 ,  t h e  s p i r a l i n g  wake of  t h e  b u r s t  v o r t i c e s  

r e m a i n s  c l o s e  t o  t h e  f u s e l a g e  c e n t e r l i n e ,  i n b o a r d  o f  t h e  

f i n s .  T h i s  t e s t  s e r i e s  shows t h a t  t h e  f o r e b o d y  v o r t i c e s  

h a v e  much s m a l l e r  i n t e r a c t i o n  w i t h  t h e  f i n s  t h a n  t h e  LEX 

v o r t i c e s .  S t u d i e s  of  t h e  v i d e o  t a p e s  a l s o  show t h a t  t h e  

s p i r a l i n g  of forebody v o r t i c e s  is a t  a d i s t i n c t l y  lower r a t e  

t h a n  LEX v o r t i c e s ,  i n d i c a t i n g  lower  v o r t i c i t y  a s s o c i a t e d  

w i t h  t h e  forebody v o r t i c e s ,  i n  agreement  w i t h  t heo ry .  

SUMMARY OF FLOW V I S U A L I Z A T I O N  TESTS - R e s u l t s  of t h e  

f l o w  v i s u a l i z a t i o n  t e s t  s e r i e s  show t h a t  t h e  L E X  v o r t i c e s  

a r e  t h e  dominant  f low f e a t u r e  which p r o v i d e s  s t r o n g  i n t e r -  

a c t i o n  w i t h  t h e  f i n s ,  and t h a t  t h i s  i n t e r a c t i o n  is maximum 

i n  t h e  2 5 O  t o  3 0 0  a n g l e  of a t t a c k  r a n g e .  I n  t h i s  a n g l e  o f  

a t tack  range,  b u r s t i n g  occur s  j u s t  ahead of t h e  f i n  l e a d i n g  

edge .  B u r s t i n g  i s  n o t  i n f l u e n c e d  by t h e  f i n s ,  b u t  i s  

s t r o n g l y  i n f l u e n c e d  by t h e  p re sence  of t h e  wing. 
.I 

RESULTS OF HOT-FILM SIGNALS (BASIC MODEL ONLY) 

R e c e n t l y ,  t h e  "modal  a n a l y z e r "  h a s  been  d e v e l o p e d  f o r  

i n t e r p r e t a t i o n  of dynamic  t e s t  d a t a ,  p a r t i c u l a r l y  f r o m  

v i b r a t i o n  a n d  f l u t t e r  t e s t i n g .  T h i s  d e v i c e  p r o v i d e s  h i g h  

r a t e  a n a l o g - t o - d i g i t a l  conve r s ion  of s i g n a l s ,  w i t h  d i g i t a l  

s t o r a g e  and  p r o c e s s i n g ,  i n c l u d i n g  f a s t  F o u r i e r  t r a n s f o r m  

t e c h n i q u e s  (FFT)  f o r  d e t e r m i n i n g  f r e q u e n c y  c o n t e n t  of  a 

s i g n a l .  I n  a d d i t i o n  t o  i t s  a p p l i c a t i o n  t o  s t r a i n  g a g e  and  
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a c c e l e r o m e t e r  s i g n a l s ,  t h e  modal a n a l y z e r  i s  Q e l l - s u i t e d  f o r  

a n a l y s i s  of h o t  f i l m  anemomet ry  s i g n a l s  f r o m  u n s t e a d y  o r  

t u r b u l e n t  f l o w s .  I n  t h e  case of f i n  b u f f e t  i n d u c e d  by 

v o r t e x  i n t e r a c t i o n s ,  i t  was a n t i c i p a t e d  t h a t  t h e  v o r t e x  

impingement o r  v o r t e x  b u r s t i n g  p r o c e s s  migh t  be p e r i o d i c ,  o r  

a t  l e a s t  h a v e  a c h a r a c t e r i s t i c  f r e q u e n c y  s i g n a t u r e  w h i c h  

cou ld  be used f o r  v i b r a t i o n  and f a t i g u e  a n a l y s i s ,  

T h e  modal  a n a l y z e r  was u s e d  t o  o b t a i n  power  s p e c t r a l  

d e n s i t y  ( P s d )  d a t a  f o r  each a n g l e  o f  a t t a c k  f r o m  00 t o  40°. 

I n t e g r a t i o n  of  t h e  Psd  d a t a  o v e r  t h e  f r e q u e n c y  s p e c t r u m  

y i e l d s  ene rgy  c o n t e n t  of t h e  f l u c t u a t i n g  v o l t a g e  a c r o s s  t h e  

h o t  f i l m  gage.  T h e  P s d  i n t e g r a l  i s ,  i n  t u r n ,  a measure o f  

t h e  t u r b u l e n t  ene rgy  c o n t e n t  of t h e  a i r s t r e a m  n e a r  t h e  gage. 

F i g u r e  2 is  a graph  of energy v e r s u s  a n g l e  of a t t a c k .  W h i l e  

t h e s e  d a t a  show c o n s i d e r a b l e  s c a t t e r ,  t h e  f i g u r e  c l e a r l y  

i n d i c a t e s  a t r e n d  of i n c r e a s i n g  energy  c o n t e n t  w i t h  a n g l e  of 

a t t a c k .  

F i g u r e s  3 t h r o u g h  7 show t h e  power  s p e c t r a  f o r  t h e  

v a r i o u s  a n g l e s  of a t tack  and speeds .  Peaks i n  t h e  Psd p l o t s  

i n d i c a t e  f r e q u e n c i e s  wh ich  a r e  c h a r a c t e r i s t i c  of t h e  f low.  

T h u s  a P s d  g r a p h  w h i c h  i s  r e l a t i v e l y  f l a t  i n d i c a t e s  a f l o w  

w i t h  no i d e n t i f i a b l e  p e r i o d i c i t y  ("broad-band" t u r b u l e n c e ) .  

I n  c o n t r a s t ,  a P s d  g r a p h  w i t h  d i s t i n c t  p e a k s  i s  i n d i c a t i o n  

of c h a r a c t e r i s t i c  p e r i o d i c i t y  w i t h i n  t h e  f low; For a n g l e s  

of a t t a c k  of Oo t o  2 0 ° ,  P s d ' s  a r e  v e r y  l o w - l e v e l  o v e r  a l l  

f r e q u e n c i e s ,  and w i t h o u t  peaks t o  i n d i c a t e  a dominant  f r e -  

quency. S i n c e  a l l  Psd p l o t s  f rom 00 t o  200 appear  t h e  same, 



o n l y  t h e  20° graph is  shown  ( f i g u r e  3). For 2 5 0 ,  a d i s t i n c t  

peak  a p p e a r s  a t  V = 0.25 f t / s e c ,  b u t  i s  n o t  v i s i b l e  f o r  V = 

0.58 a n d  0.75 f t / s ec .  F o r  a n g l e s  of  a t t a c k  of  30°, 35O and  

4 0 0 ,  e n e r g y  l e v e l s  a r e  d i s t i n c t l y  h i g h e r ,  a n d  d o m i n a n t  

f r e q u e n c i e s  a r e  d i s c e r n a b l e  a t  a l l  s p e e d s  tested.  

To c o r r e l a t e  model and f u l l  scale per iodic  phenomena or 

p e r i o d i c  phenomena f o r  t h e  same model a t  d i f f e r e n t  s p e e d s ,  a 

non-dimensional  form of f requency  is  needed. T h i s  is pro- 

v i d e d  by t h e  S t r o u h a l  number, which is d e f i n e d  as f o l l o w s :  

S t r o u h a l  number = ( f  x c ) / V ,  

where: f = f r e q u e n c y ,  Hz 

c = wing r e f e r e n c e  chord  

V = f r ee  stream v e l o c i t y .  

Presumably,  S t r o u h a l  number, l i k e  l i f t  c o e f f i c i e n t  and o t h e r  

aerodynamic c o e f f i c i e n t s ,  w i l l  be r e l a t i v e l y  i n v a r i a n t  w i t h  

speed  and s c a l e .  T o  t e s t  f o r  c o n s i s t e n c y  of  S t r o u h a l  

number, runs  were made w i t h  t u n n e l  speeds of a p p r o x i m a t e l y  

two and th ree  times t h e  nominal va lue .  Dominant f r e q u e n c i e s  

selected from t h e  Psd  graphs a r e  p l o t t e d  as f r equency  v e r s u s  

v e l o c i t y  f o r  e a c h  a n g l e  of a t t a c k  from 2 0 ° t o  4 0 °  i n  f i g u r e s  

3 t h r o u g h  6. T h e s e  r e s u l t s ,  t a k e n  f r o m  t w o  s e p a r a t e  t e s t  

s e r i e s ,  show t h a t  d o m i n a n t  f r e q u e n c y  t e n d s  t o  i n c r e a s e  

l i n e a r l y  w i t h  t u n n e l  v e l o c i t y ,  i n d i c a t i n g  t h a t  S t r o u h a l  

number i s  indeed  c o n s t a n t  w i t h  v e l o c i t y .  Fur thermore ,  t h e  

S t r o u h a l  number  i s  e s s e n t i a l l y  a c o n s t a n t  v a l u e  o f  0.7 f o r  

a l l  a n g l e s  of  a t t a c k  f o r  w h i c h  p e r i o d i c  b e h a v i o r  was  

obse rved .  



CORRELATION WITH OTHER TESTS 

The o b s e r v a t i o n  t h a t  S t r o u h a l  number is  a p p r o x i m a t e l y  

c o n s t a n t  w i t h  v e l o c i t y  i s  a c r u c i a l  f i n d i n g  f rom t h e s e  

exper iments .  T h e s e  r e s u l t s  l e n d  v a l i d i t y  t o  t h e  u s e  of  

small  s c a l e  tests,  since they  show t h a t  S t r o u h a l  number i s  

independen t  of Reynolds number, a t  l e a s t  f o r  t h e  t e s t  range  

of  v e l o c i t i e s .  F u r t h e r m o r e ,  wind'  t u n n e l  t e s t s  of  a 1 2 %  

s c a l e  b a s i c  F/A-18 c o n f i g u r a t i o n  a t  Reynolds  numbers of 0.4 

a n d  0.8 x 106 by McDonne l l -Ai rc ra f t  Company ( r e f .  3 )  h a v e  

shown n e a r l y  t h e  same l o c a t i o n  f o r  LEX v o r t i c e s ,  n e a r l y  t h e  

same a n g l e  of a t t a c k  f o r  v o r t e x  b u r s t i n g ,  and  n e a r l y  t h e  

same S t r o u h a l  n u m b e r  f o r  u n s t e a d y  f i n  s u r f a c e  p r e s s u r e s .  

T h e s e  c o r r e l a t i o n s  a re  s t r o n g  e v i d e n c e  t h a t  t h e  fundamen ta l  

f l o w  p a t t e r n s  a r e  independent  of Reynolds  number, even f o r  

t h e  v e r y  low R e y n o l d s  n u m b e r s  o f  t h e  w a t e r  t u n n e l  t e s t s .  

Achieving  t h i s  c o r r e l a t i o n  f o r  t h e  basic  model g i v e s  c red -  

i b i l i t y  t o  c o n c l u s i o n s  from water t u n n e l  t e s t  r e s u l t s  w i t h  

t h e  non-standard c o n f i g u r a t i o n s .  The meri t  of w a t e r  t u n n e l  

expe r imen t s  i s  t h e  a b i l i t y  t o  q u i c k l y  and  i n e x p e n s i v e l y  

e v a l u a t e  t r e n d s  and e s s e n t i a l  fea tures  of f l o w s  a s s o c i a t e d  

w i t h  a wide  v a r i e t y  of c o n f i g u r a t i o n s .  More d e t a i l e d  t e s t s  

i n  wind  t u n n e l s  and f l i g h t  w i t h  a na r rower  range of c o n f i g -  

u r a t i o n s  a r e  s t i l l  e s s e n t i a l  t o  v a l i d a t e  f i n a l  d e s i g n  

c o n f i g u r a t i o n s .  

.c 



CONCLUSIONS 

1. S u r f a c e  h o t - f i l m  anemomet ry  s h o w s  h i g h  t u r b u l e n t  

a c t i v i t y  on t h e  f i n s  a t  c o n d i t i o n s  c o i n c i d e n t  w i t h  

v o r t e x  b u r s t i n g  observed from f low v i s u a l i z a t i o n .  

2. LEX v o r t e x  b u r s t i n g  occur s  d i r e c t l y  f o r w a r d  of t h e  f i n  

lead ing-edge  f o r  ang le s  of a t t a c k  of 2 5 O  and h ighe r .  

3. The o n s e t  of v o r t e x  b u r s t i n g  p roduces  f l o w  u n s t e a d i n e s s  

w i t h  a d o m i n a n t a f r e q u e n c y  a t  a S t r o u h a l  number of  0.7 

f o r  t h r e e  s p e e d s  and  f o r  a n g l e s  o f  a t t a c k  f r o m  250 t o  

4 0 0 .  

4 .  LEX v o r t e x  b u r s t i n g  is a s s o c i a t e d  w i t h  wing s e p a r a t i o n  

and s t a l l i n g .  Removing t h e  wing produced s u b s t a n t i a l  

changes i n  v o r t e x  p o s i t i o n s  and de layed  v o r t e x  b u r s t i n g .  

5 .  Vor tex  b u r s t i n g  is u n a f f e c t e d  by t h e  f i n s .  Removal of 

t h e  f i n s  had no a p p r e c i a b l e  e f f e c t  on v o r t e x  l o c a t i o n s  

or v o r t e x  b u r s t i n g .  

6 .  Vor tex  f r e q u e n c i e s ,  v o r t e x  b u r s t i n g ,  and  dominant  f re-  

q u e n c i e s  f r o m  t h e  w a t e r  t u n n e l  t e s t s  c o r r e l a t e  w e l l  

w i t h  w i n d  t u n n e l  t es t s  a t  h i g h e r  Reynolds numbers.  
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(a) Basic Model 

Figure 1. Configurations and Vortex Burst Locations 
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Angle  Of attack = 40' 

(b) Model Without Wings 
Figure 1. Continued. 



Angle of attack - 40' 

( c )  Model Without LEX's 

F i g u r e  1. Concluded.  
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F i g u r e  3 .  Power S p e c t r a l  D e n s i t y ,  Alpha = 2 0 ° ,  V = 0 . 2 5  ft /sec 
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